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Abstract 

We seek to document and explain the lifecycle of the warm SST anomaly that intensified and 

weakened off the west coast of the United States  to peak anomalies of 4' K during April-June 

1997. We use remotely sensed observational data  and model analyses to compute an energy 

budget for the warm  anomaly. The bulk of the anomalous warming was  confined to the  top 

50m of ocean and occurred during May. The immediate cause for the warming was twofold: 

latent  heat fluxes decreased in magnitude as a result of both lower  wind speeds and positive 

moisture anomalies, while the  net radiative flux into  the ocean increased as a result of lower 

than normal fractional cloud  coverage. During June,  the wind speed strengthened and became 

northerly, resulting in larger than normal latent  and sensible heat fluxes that weakened the SST 

anomaly. Examination of NCEP 1000  mb geopotential height for May  shows that  the Aleutian 

low extended far  south of its usual position and was responsible for the weaker southerly winds 

and suppressed latent heat fluxes in the warm anomaly area. Finally,. we note that  the near 

simultaneous appearance of this warm anomaly in conjunction with warm El Niiio waters off 

Peru makes El Niiio an unlikely trigger for the northeast Pacific warm anomaly. We suggest 

a possible alternate scenario in which both events are remotely triggered by the 30-60 day 

intraseasonal oscillation. 
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1 Introduction 

During April of 1997, a - 1' K ,  106km2 warm sea surface temperature (SST) anomaly that 

had lingered for nearly a year off the west coast of California began to rapidly intensify. The warm 

anomaly expanded in area and reached a peak intensity of 4' K in  May, and  then  rapidly weakened  in 

June.  The anomalously warm ocean waters drew warm-water fish such as sardines, yellowfin tuna, 

and bonito  northward, attracting  the  attention of fisheries and  marine biologists (San Francisco 

Chronicle, 1997). The intensification of the warm anomaly was accompanied by a marked decrease 

in cloudiness in May, and occurred at nearly the  same  time  that warm waters first appeared off 

the west coast of Peru with the onset of the 1997-1998  El  Niiio. We undertake in this  paper  an 

examination of the underlying causes of the  rapid warming and cooling of the  SST  anomaly  during 

April-June of 1997, and seek to identify the specific physical mechanisms responsible for creating 

this event. 

The variability of SST in the  North Pacific has been the focus of a number of observational 

and modeling studies. The large scale spatial  structure of nonseasonal modes of variability  has 

been examined using Empirical Orthogonal  Functions  (EOF) of observed SST, resulting in the 

identification of a dominant  mode of variability  related to El  Niiio (Weare et a1 [1976],  Deser and 

Blackmon [1995], Hsiung and Newel1 [1983], and  others).  This  mode, shown in Figure la (reproduced 

from Weare et a1 [1976]), bears some resemblance to  the distribution of the anomalous  SST observed 

during April and May of 1997 (Figure lb), particularly with respect to the cold anomaly  in the 

central North Pacific and  the presence of the warm El Niiio waters in the  eastern  equatorial Pacific. 

However, the  coastal warm anomaly in Figure l b  does not stretch along the entire coastline and 

extends much further west than  the coastal warm anomaly in the  EOF.  In  addition,  the  EOF does 

not show the anomalously warm waters present to  the  north of the cold anomaly in the central  North 

Pacific  seen in Figure lb.  
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An important  feature of the anomalous  SST is that  the  same  spatial  structure can be  seen in the 

average over the 15 months preceding April 1997, with the difference that  the  equatorial waters were 

anomalously cold and hence out of phase  with the warming off the west coast of California (Figure 

IC).  The  spatial  structure of the warm  anomaly was already in place well before the 1997-1998  El 

Niiio, eliminating  the possibility that El-Niiio  itself triggered the warm  anomaly via an  atmospheric 

teleconnection. The intensification of the warm  anomaly  during April and May  occurred nearly 

simultaneously  with the appearance of warm  water off Peru, so it  too was not likely a consequence 

of El  Niiio. A  more plausible scenario, which we discuss in the final section, is that both the warm 

anomaly and El  Niiio  were triggered by a third  atmospheric event. 

To develop an  explanation for the April-June SST transient, we  use a variety of observational data 

sets to  determine,  at least to zeroth order,  the local SST forcings responsible for the observed change 

in SST. We then  examine possible links between these local forcings and larger scale dynamics. The 

lack of surface data in the  area of the warm  anomaly necessitates the use of satellite  data and  model 

analyses, which we discuss in  section  two. The  details of the warm  anomaly itself and  its  uniqueness 

when compared to  the previous 16  years of SST  data is  discussed in section 3, and  the energy budget 

and error analyses are described in sections 4 and 5. Finally, we discuss links between the large scale 

dynamics,  stratus clouds, and local SST forcings in section 6. 

2 Data 

Understanding  the  immediate cause of the  SST anomaly requires computation of an energy budget 

for the volume of water  under consideration. Such a calculation at a  minimum requires SST, surface 

wind speed, surface pressure, ocean  mixed  layer temperature  and velocities, cloudiness (for radiative 

flux calculations),  and surface water  vapor and  air  temperature  data. For SST data we  use the 

weekly one degree resolution Reynold’s SST data set for 1982 through  July 1997. This  data set is 
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created from  a  combination of ship, buoy, and Advanced Very  High Resolution  Radiometer  (AVHRR) 

satellite data using optimum  interpolation analysis as described in Reynolds  and  Smith [1994]. 

Surface wind  speed measurements were made  during  the period of the warm  anomaly by the 

NASA Scatterometer  (NSCAT) carried aboard  the  Japanese Space Agency  Advanced Earth O b  

serving satellite  (ADEOS). Before the failure of the ADEOS satellite on 29 June 1997, NSCAT 

successfully measured surface wind speed  with 25 km resolution, and covered  90  percent of the 

ice-free ocean surface every  two days  with 1.3  m/s accuracy (Freilich and  Dunbar, 1999).  For the 

purpose of this  study,  the level 2 NSCAT data was gridded on a  one degree grid using a successive 

correction technique, and  then weekly  averaged using Wednesday centered weeks as used for the 

Reynold's SST  data. 

Because the NSCAT data set is of limited  length,  it  can not be  used to determine  the seasonal 

climatology of the surface wind  field  for  use in the energy budget calculations. For this purpose we 

use the  ECMWF surface wind  field and/or  the Special Sensor  Microwave Imager  (SSM/I) surface 

wind  field. The ECMWF wind  field  was interpolated  from  the original 2.5' grid to  the Reynold's 

1' grid,  and  the wind speed was computed for  each day of data before creating weekly or monthly 

averages. Monthly averaged SSM/I wind data on lo grid was obtained  from  Remote Sensing Systems, 

Inc. (Wentz, 1997)  for the years  1987-1997; data for March-June 1987  is missing. 

Depth  dependent ocean temperature, salinity, and horizontal velocity data was obtained  from 

the archived weekly National  Center for Environmental Prediction (NCEP) Pacific  ocean analyses. 

This  data is available from  NCEP on a 1.5  degree longitude by 1.0  degree latitude grid. The  data for 

1997 consists of  weekly averaged data, while the  data for the years 1980-1996  is monthly averaged. 

NCEP daily global atmospheric  operational analyses are used  for analysis of geopotential height at 

levels above the surface for 1997,  while the  NCEP/NCAR Reanalysis data set is  used  for  1979-1996 

(both  the  NCAR/NCEP Reanalysis and  Operational Analysis data  are provided  through the NOAA 
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Climate Diagnostics Center).  The  NCEP reanalyzed daily 2m air  temperature  and sea level pressure 

data  are also used. This  data is interpolated  onto  a lo grid before being weekly or monthly averaged. 

The  small  number of direct surface relative humidity observations and  the lack of dynamical 

constraints on relative humidity  make  determination of that variable difficult on  time scales of a 

week or less. This problem is compounded by the  importance of surface air specific humidity (qair) 

in latent heat flux calculations. To overcome this, we compute Pair using the  method of  Liu (1986), 

which determines the  monthly averaged qair using satellite observed column  water  vapor (see section 

4 for more details). For these calculations, we use the  monthly  averaged  SSM/I  column  water  vapor 

data, again provided by RSS, Inc. This  dataset is on the  same grid and  has  the  same  data  gaps as 

the SSM/I wind data discussed  previously. 

Another  SSM/I  related dataset used in this  study is the  monthly averaged cloud fraction data 

set available from the  National  Climatic  Data Center for the years 1987-1997, based on the work 

of  Weng et a1 [1997]. The cloud fraction in this  dataset is calculated as the  fraction of pixels with 

liquid water path (as  determined  from 85  Ghz SSM/I data) exceeding a threshold of 0.02 mm over 

a one month  time period in  a 2.5  degree grid [Weng et a1 19971. 

3 Physical  Description of Event 

The warm SST  anomaly  that  had existed off the west coast of California for over a year began to 

intensify during April 1997, when the SST anomaly was located in the vicinity of 35N,  138W.  At this 

time,  the  SST  anomaly  had peak  temperatures of about  2 K, and covered a  roughly 8 by 8  degree 

(- 6 * 10"km2)  area  (Figure 2a). Note that  the plan view plots of anomalous  SST shown in Figure 

2 were made by subtracting  the 1982-1997 SST  mean for a given  week from the  actual  SST for that 

week.  Over the next 'seven  weeks, the warm  anomaly moved eastward and expanded in  size up to a 

peak area of  12Ox12O. The  intensity of the  SST  anomaly also grew, with  peak temperature reaching 
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over 4O K in late May. The  SST anomaly  suddenly decreased in  size and  intensity  during  the week 

of June 8th - 14th, and by June 22nd - 28th covered an  area of - 4Ox4O, with a peak anomalous  SST 

of  -2' K.  

Figure 2 also shows the evolution of the weekly averaged NSCAT surface wind field; note that 

this is not the  anomalous  wind, and that  the  barbs represent the tails of the wind vectors. In a 

normal year, one generally finds a gradual  buildup of northerly flow adjacent to the coast and in the 

warm anomaly  area  (indicated by the box) during  spring,  but Figure 2 shows this was not  the case in 

1997. For example, the winds over the warm anomaly were mostly southerly  during May, a  result of 

a  synoptic scale cyclonic circulation to the northwest of the warm anomaly  (Figures 2b,d, and e),and 

the windspeed was very  weak during  the period from April 27 through May 10th.  The northerlies 

finally began to intensify during  the first two weeks of June, concurrent with the weakening of the 

warm anomaly. The existence of southerly flow during May and early June is consistent with the 

results of Liu et a1 (1998), who  showed that these  southerly winds  were also associated with an 

increase in near surface specific humidity. 

For the  purpose of calculating  area averaged quantities  and  computing  an energy budget, we 

define a box (see Figure 2) with corners at (27N,126W),(40N,144W), (27N,144W) and  (40N,126W) 

that encompasses the  majority of the warm anomaly  during its eastward march in April and May. 

Figure 3 shows the  area averaged weekly SST  anomaly for this box from Jan. 1982 to August 1997, 

and  illustrates two important points. First,  the warm anomaly  during April and May 1997 was far 

more intense than any  other warm anomaly occurring in the box during  the nearly 16 years shown. 

Secondly, the warm anomaly  appeared  on top of a preexisting longer term  anomaly  or upward trend 

in SST. We focus our  attention on the  short  term  transient  rather  than  the longer term upward 

trend in SST that was already underway. 

The  total, seasonal,  and  anomalous ocean temperature averaged over the warm anomaly  area  for 
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depths  ranging  from 10 to 50m  is  shown in figure  4. These plots are  made using the  NCEP weekly 

analyses for the first 6  months of 1997 and  monthly analyses for  1980-1996. Figure 4c  shows that 

the  temperature  anomaly first began to intensify in the second week  of April, with the most rapid 

increase occurring in the surface (lorn) layer. The  temperature anomaly  then generally increased in 

all layers until  the second to  last week of May, after which a sharp dropoff occurred until  the end of 

June. 

Figure 4a shows that  the upper 20 m of the ocean  remained well mixed throughout April, May, 

and  June, with the  top 50 m well mixed prior to April. From early April through the end of May, 

the upper 20m  of water warmed more rapidly than  the  next 30m, resulting in a stratified boundary 

layer. Such a transition is typical for this  time of year, as shown by the seasonal plot in 4b, but is 

only half as strong as the observed stratification in 1997 (Figure  4a).  The  subsequent weakening of 

the  temperature  anomaly returned stratification  to  its seasonal value by the beginning of July. Note 

that although the  SST anomaly reached a  peak of over 2' K in late  April,  the bulk of the anomalous 

warming in the  top 50m of ocean actually occurred in May (Figure 4c). 

The increased stratification of the  top 50 m, combined  with the more rapid temperature increase 

in the uppermost layers, suggests that warming  occurred primarily from above, with the  input of 

heat  to  the ocean occurring through  the surface. Also, the simultaneous  transition to  a poorly 

mixed  upper layer indicates that  the  primary mixing  mechanism weakened as the  total  heat flux 

increased. One plausible explanation is that surface wind speed decreased, thereby weakening the 

mechanical  stirring of the mixed layer  while decreasing the  latent  and sensible heat fluxes out .of 

the ocean. Weakened mixing would  cause  less dilution of the surface water by cooler water  from 

below the surface, thereby accentuating the  SST anomaly.  Note that  a simultaneous increase in 

surface specific humidity  such as observed  by Liu et a1 [1998]  would decrease evaporative cooling 

even further  and lead to  an even larger SST  anomaly. 
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4 Energy Considerations 

We  seek to identify the source of energy responsible for the warming shown  in Figure 4c using the 

balance  equation for heat content per unit  area (Q): 

aQ - = FI + F s  + F s w  - f i w  + Fek  + Fekp  + RAD at (1) 

where F,, and 4, are the  area averaged net shortwave  and longwave radiative fluxes at  the 

ocean surface (FSw is taken as positive if it is into  the surface, and Flw is taken as positive if it is 

out of the  surface), 4 and Fs are the  area  averaged  latent  and sensible heat fluxes, F e k   ( F e k p )  is 

the  area averaged horizontal (vertical) advection by Ekman  currents,  and RAD is a residual term 

that includes the  import or export of heat by non-Ekman  current advection and diffusion. The heat 

energy per unit (ocean surface) area of a  volume V0l is 

Q = QTIA, (2) 

where A is the  total  area of the air-sea interface of Vol and QT is the  total  heat content of Val. 

We will  see presently that  it is preferable to split (1)  into seasonal and  anomalous  parts,  with  the 

seasonal part of a variable x calculated for the it’’ week (or month) of the year using 

where n is the number of years of data available for x .  Anomalous values of x are computed by 

subtracting  the seasonal value of x as given by (3) from the  total (also referred to as “actual”) value 

of x .  

Figure 5 shows the  total  and seasonal Q and % for the  top 50 m of the warm  anomaly area 

for January-July 1997, based  on the  NCEP weekly ocean analyses. The seasonal Q, computed  from 
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the 1980-1997 NCEP monthly analyses, was sampled at weekly intervals  and  then  smoothed using 

a  Gaussian  smoother with half width of 7 weeks and smoothing window of 30 weeks. The seasonal 

% shown in this figure was then  computed using centered time differences of the  smoothed weekly- 

resolution &. Figure 5 readily demonstrates the existence of anomalously warm water prior to April 

1997 (note  that  the  total heat is larger than  the seasonal values  in January-March), as well as the 

anomalous April and May warming,  and shows a significant seasonal warming  during April and May. 

Because the seasonal trend in Q is considerable, we will split (1) into seasonal and anomalous parts 

and analyze these separately. 

4.1 Latent and  Sensible  Heat  Flux 

We start our  evaluation of (1) by calculating  the  monthly  latent  heat flux FL averaged over the 

warm anomaly  area using the bulk aerodynamic  formula 

where the  drag coefficient C d  is given  by Smith [1980], and L ,  p ,  V ,  q a i r ,  and qs3t are  the  latent 

heat of vaporization, air density, surface wind speed,  and specific humidities of surface air  and  air 

saturated  at  temperature equal to the  SST. We  use the  formula of Liu  [1986] in combination  with 

SSMI column water vapor (Cwv) to compute qoir .  Since Liu's Poir equation works only for monthly 

or longer time scales, we restrict  our  latent  heat flux calculations to monthly values, and hence 

must do likewise for all the forcing terms in (1). For  wind speed, we use the monthly averaged SSMI 

surface wind speed for 1988-1996, and  monthly averaged NSCAT surface wind for 1997. Seasonal and 

anomalous FL are listed in tables 1 and 2, respectively. The sensible heat flux Fs is also computed 

using the bulk aerodynamic  formula,  but  the resulting flux is an order of magnitude smaller than 

FL (Tables 1,2),  and is discussed no  further. 
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Although of little consequence in April, the anomalous FL accounted for a majority of the  heating 

and cooling that occurred in May and  June (Table 2). Note that using only ECMWF or  SSMI winds 

when computing FI, produces qualitatively  similar results to those obtained using  NSCAT winds (ex. 

15 and 19 W/mZ, respectively, in May;  -19 and -23 W/m2 in June). Figure 6 shows FL for 1997, along 

with the monthly averaged NSCAT surface winds. Figure 6 shows that FL is significantly modulated 

by the surface wind speed,  and that evaporative cooling of the ocean dropped considerably during 

May before rebounding in June.  Separate  calculations  indicate that anomalous area-averaged qair 

reached about 2 g/kg in May, though  this was partially offset in (4) by an area-averaged anomalous 

qsst of - 1 g/kg. Thus  the anomalous warming by FL in May resulted from  both a decrease in surface 

wind speed and the  introduction of anomalously moist air to the warm anomaly  area.  Examination 

of Figure 2 shows that  the surface winds were generally from  the  south  during May, indicating that 

the moist air  had its origin in the tropics, consistent with Liu et a1 [1998]. 

4.2 Computation of the Shortwave (SW) and  Long  Wave (LW) Surface 

Fluxes 

The net radiative flux at  the ocean surface is of particular interest since subjective examination of 

GOES-9 visible and  infrared imagery from May  1997 indicates  an unusually low fractional cloudiness 

at  that time.  The clouds in this area  are  primarily  marine stratus (Warren  et a1 [1988])  whose 

fractional cloudiness tends  to decrease as SST increases (Bretherton  and  Wyant [1997], Klein et 

a1 [1995], Wyant et a1 [1997]). This normally happens as the  stratus  are advected southward,  but 

may have occurred more  rapidly in 1997 due to the warmer SST. If so, the decrease in fractional 

cloudiness would enhance the net  radiative flux into  the ocean (Norris and Leovy [1994]), and  might 

produce an SST enhancing positive feedback  between increasing SST, decreasing cloudiness, and 

increasing radiative flux (Klein et a1 [1995], Ronca and Battisti [1997],  Deser and  Timlin [1997]). 
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In order to objectively determine the  fractional cloudiness, we use the one degree resolution 

monthly averaged C,, produced by the  National  Climatic  Data  Center  (NCDC), which they  compute 

using SSM/I data and  the  algorithm described by  Weng et a1 [1997]. Table  3 shows the results of 

averaging this C,, over the warm  anomaly area for April-June 1997, as well as the seasonal averages 

for  each month  based on the years 1988-1997 (excluding 1991). While the April and  June values 

of C,, are very  close to their seasonal values, the May value of 0.38 is considerably lower than  the 

seasonal value of 0.50, confirming the impression left by the  GOES9 images. If the  area over  which 

the C,, is  averaged  is  reduced to include only that  area covered by the warm  anomaly  during May, 

then the C,, drops  to 0.22, with  a seasonal value of 0.45. 

Lacking direct measurements of FR, we use  version 3 of the Community  Climate Model (CCM3) 

Column  Radiation Model (CRM)  to  estimate  the  anomalous FR for April, May, and  June.  The 

CCM3-CRM is a stand-alone one-dimensional  version of the CCM3  radiation code that includes 

mixed phase cloud particles, pressure dependent  water  droplet  and ice particle size, as well as trace 

gas and aerosol  physics; more  details regarding this model  can be found in Kiehl et a1 [1996]. The 

CCM3-CRM requires vertical profiles of temperature  and water  vapor, for which we use area  and 

monthly averaged NCEP atmospheric analyses. Vertical profiles of C,, and LWP are also needed. 

Since the C,, data in table  3 is for total cloudiness independent of height, we use the seasonally 

averaged C,, for  different  cloud types presented in  Warren et a1 [1988] to determine how the Cj,  

should  be vertically distributed. Based  on Warren et a1 [1988], we distribute  the clouds among  the 

three most  common types: marine (low  level) stratus,  altostratus,  and cirrus, with the bulk of the 

clouds being  marine  stratus. We then use previous studies to guide specification of LWP within  each 

cloud type;  details  are  contained in appendix A. 

The results of calculating FR for C,, ranging  from 0 to 1 are shown in figure 7, along  with 

the seasonal and  actual C,, from table 3. In producing this  plot, we have assumed that all C,, 
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variations  are  due to changes in marine stratus, since their seasonal C f ,  of 0.5 is more than twice 

that of either the  altostratus (Cf,=0.22) or cirrus clouds (Cfr=O.12) (Warren [1988]). The C f r  for 

the  cirrus  and altostratus clouds is fixed at their seasonal values. From figure 7, we determine that 

an  anomalous C f ,  of -0.12 during May  would result in an anomalous FR of 14 W/m2; smaller values 

result for April and  June (see table 2). Note that the slope of the FR vs C f ,  curve is nearly constant 

for C f ,  greater than 0.2, so the  anomalous FR is sensitive only to the  anomalous C f ,  and not the 

absolute Cf , .  This is of interest since the seasonal C f ,  using the a algorithm is 0.5, while seasonal 

climatology of C f ,  based on COADS data is 0.7 ( Warren [1988]). 

The resulting anomalous FR is sensitive to  the choice of cloud parameters. For example, decreas 

ing the LWP of the marine stratus clouds by half reduces the anomalous FR by about half while 

increasing FR by 20 W/m2. Doubling the fixed C f ,  of the  altostratus  and cirrus clouds substantially 

decreases FR, but reduces the  anomalous FR by only 2 W/m2. Both the  marine  stratus  and higher 

level clouds significantly modulate FR, but  variations in marine  stratus cloud parameters have a 

much greater effect on anomalous FR. We also note that  the resulting anomalous FR is comparable 

to  that obtained following Norris and Leovy (1994), who concluded from a number of observational 

data sets that a 1 % decrease in marine stratus C f ,  should produce an increase in FR of about 1 

W/m2. 

We next compare  the preceding CCM3-CRM results for seasonal FR with  the  Oberhuber [1988] 

COADS FR climatology for May,  seen together in Table 4. The Oberhuber FR for May is less than 

the CCM3-CRM FR by 35 W/m2, mostly because the  Oberhuber FLW is larger by 40 W/m2.  It 

is difficult to determine  the reason for these differences since the  Oberhuber  results were computed 

using simple parameterizations  and  a different data set. Differences in Fsw are  small  and can be 

eliminated by modifying the LWP of the altostratus  and cirrus clouds, or by increasing their C f r .  

There  are  numerous possibilities for why FLW computed by the CCM3-CRM is smaller. The most 
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likely  is misspecification of the low  level C f ,  and LWP, or differences  in boundary layer water vapor. 

Errors in the Oberhuber  climatology may also contribute  (Weare [1989]), but alone probably do not 

explain the difference with  our calculations. Since the CCM3-CRM computed FLW is only weakly 

dependent on C f ,  for the range of C f ,  values examined (0.38 to 0.70), we assume the anomalous 

FR is also affected only weakly. 

4.3 Advective Terms 

Proper calculation of the  lateral  and vertical heat advection using the  NCEP ocean analyses requires 

that those terms be computed at each model time  step  during production of the analyses; a significant 

residual in the  mass  budget precludes accurate  accounting of the heat budget using weekly or monthly 

averaged data (M. Ji, personal communication, 1998):  Lacking ready access to NCEP data with 

timestep resolution, we instead use the NSCAT surface winds to determine the wind driven (Ekman) 

portion of the  lateral  and vertical heat advection. Advection by pressure driven currents is  left as 

part of the residual RAD in (1). 

We compute  the  Ekman current temperature advection per unit area F e k  in the warm  anomaly 

area using 

where f e k  is the Ekman layer thickness, A is the horizontal area of the warm  anomaly region, 

p is the water density, (a&, V e k )  are the vertically averaged components of the  Ekman  current,  and 

(T)  is the  temperature vertically averaged  over the  depth f e k .  We estimate  the vertical advection 

by Ekman  pumping  into  the  volume V0l as 
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where E) is computed using centered differences  over the two adjacent layers. Use  of (6) 
50m 

gives values of Fekp of 1 W/m2  or less, so we ignore this  term in the following discussion. 

The  total and seasonal values of Fek determined using (5) are listed in  Table 1, while the anoma- 

lous values of Fek, computed by subtracting  the 1992-1997 seasonally averaged Fek for each month, 

are listed in Table 2. The  magnitude of the contribution from anomalous Fek to (1) is essentially 

zero for April and May, and only -4 W/m2 in June. While it is clear that Fek contributed  little to  the 

overall area averaged energy balance, the  spatial distribution of Fek (not shown) was nonuniform, 

with values of Fek of -5 to -20 W/m2 on the west side of the warm anomaly  during May. During 

this  time  the warm anomaly generally moved eastward, leaving open the possibility that  the Ekman 

advection assisted in that propagation by suppressing the warm anomaly  in  the west. 

5 Errors and Overall Results 

The seasonal and 1997 overall energy budget  (table 1) is dominated by the  net radiative  heating FR 

and, to a lesser extent, evaporative cooling ( F L ) .  Note that  the calculated combined net forcings for 

both seasonal and 1997 are consistently higher than  the observed net forcing % by 20-70 W/m2. 

Based on the comparison of radiative fluxes with the Oberhuber climatology, as much as 40 W/m2 

of this difference results from FLW that is too small in our calculations. The remainder could result, 

as we will  see presently, from errors in the  latent heat flux and  other forcing terms. 

Table 2 summarizes the anomalous energy budget calculations, with the addition of the  time  rate 

of change of Q and  error  estimates for April, May, and June.  Estimating  error for parameterized 

calculations of poorly measured quantities such as FL and Fs is difficult at best,  but  an  attempt is 

nevertheless made in hope of highlighting sources of error and  approximate  magnitudes of errors. 

We first consider errors in Q ,  which result mainly from uncertainty in the subsurface temperature; 

we assume salinity  errors  are negligible. Ji  et a1 [1995] estimate  the  error in the NCEP subsurface 
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temperature data  to be no  better  than 0.3 K. The variations in subsurface temperature  through 

April and May range from as much as 3 degrees for the  upper two layers, to as little as 1 K for the 

lowest layer. We calculate  the percentage error E in the  temperature  variations,  and hence in Q ,  

using: 

i=1 ,5   i=1 ,5  

where 

~i = 0.3OC 

bz, = layer thickness (lorn) 

Z',' = monthly temperature  variation 

Using (7) with the observed q' gives a percentage error of "15% for Q ,  a result that is based on the 

assumption that  the errors  are  random  and  not  systematic. Area averaging the 1' grid temperatures 

probably reduces the  error in Q ,  and we assume that this offsets the  fact that E = 0.3K is a minimum 

estimate. 

Although some error  in FL results from uncertainty in the  input  data used  in (4), the bulk of the 

error  results from deficiency in (4) itself. Since FL is so difficult to measure directly, the  limitations 

in (4) are not easily quantified,  though  the wide range of values used  for cd over the years suggest 

an  uncertainty of 50% or more in FL is possible, especially at very low and very high wind speeds 

[Blanc 19851. We assume then that the  error in the FL is 50% of the larger of the seasonal and  actual 

FL for a given month, giving error of -29,  25, and 38 W/m2 for April, May, and June respectively. 

We likewise assign 50% error to Fs, though it  has a much smaller effect on the overall heat  budget. 

We have seen that the  anomalous FR is insensitive to choice of the seasonal and  actual C f r ,  so 

long as the  anomalous C f r  remains fixed. There is also only weak sensitivity of anomalous FR to 
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the choice of the fixed C f ,  and LWP  for the  altostratus and  cirrus clouds. Thus we assume that the 

error in FR results from errors in the C f ,  anomaly  and in the LWP of the  marine stratus clouds. 

Weng et a1 [1997] compare their C f ,  with the  ISCCP Cfr (Cf:ccp) for  November 1987, and discuss 

deficiencies  in both. Since there is uncertainty in both  the Weng and the  ISCCP C f , ,  we assume 

that  the amount of scatter in Cjsccp for a given value of CfSrSMI shown in Figure 4a of Weng et 

a1 [1997] is indicative of the  amount of random  error in CfSpSMI for an  individual  gridpoint. This 

results in an error of about 15 % in the  individual  gridpoint C f , ,  which shrinks to about 3 % when 

the C f ,  is averaged  over the warm anomaly  area.  Additional  error is produced by assuming that 

the  stratus cloud  LWP  is  fixed at  the values found from Blaskovic et a1 [1991], whose study used 

data taken from a single location. Stratus clouds are sensitive to SST, surface wind speed, and  other 

local meteorological parameters that vary considerably over the warm anomaly  area.  Though we 

lack  specific data regarding how LWP  would vary, it is not unreasonable to assume an error of 25 % 

in the LWP, which  would translate  into  a  similar  error in the anomalous FR, much larger than  the 

3 % C f ,  error. Hence we take 25 % of the  anomalous FR as the amount of error in that variable. 

Finally,  the  error in the  Ekman advection calculation  results  primarily from uncertainty in the 

wind speed, (T) ,  and c d ,  the  combination of which result in an error of 1-2 W/m2 of the  area 

averaged F e k .  The error in the Ekman  pumping  calculation is O(lOO%), but  the contribution  from 

this  term is still negligible, and so ignored. 

Referring to Table 2, we see that during  April,  the combined anomalous surface fluxes (FNs,  

FNS = FL + Fs + FR) amounted to +7 W/m2, 33% of the 21 W/m2 needed to account for the 

observed warming. The error bars on FNS are large enough so that FNS could account for the 

warming, especially if the observed warming was overestimated. In May,  when the  bulk of the 

warming took place, FNS easily accounts for the observed warming, with anomalous latent and 

radiative  heating accounting for the bulk of the warming. The large role played by anomalous FL 
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is consistent with the results of  Liu et  al. (1998), as is the role of the anomalously high qair in 

suppressing FL. The FL was also suppressed by the anomalously low wind speed, highlighting the 

fact that surface wind direction and  magnitude  both play important roles in modulating FL and 

Fs. In  addition,  the decrease in cloudiness created  a  substantial increase in the  radiative warming 

of the  water,  without which the SST anomaly could not have  reached its extreme  intensity. 

In June, when the  SST anomaly shrunk in size and weakened in intensity,  the  anomalous  latent 

and sensible heating became negative, with comparable  magnitudes to their May values. This 

anomalous cooling occurred both because the wind became stronger  and because it became more 

northerly, ending the advection of moist tropical  air into  the warm anomaly  area. And although 

the  monthly averaged qair dropped in June,  the monthly averaged SST anomaly was nearly  the 

same as in May, resulting in a postive qsst  anomaly which, with the lower qair, further enhanced the 

evaporative cooling. The area averaged Cf, returned to normal in June, so the  radiative warming 

anomaly was small. The error bars  on FNS and the observed cooling are large enough for some 

overlap between FNS and %. The large residual leaves open the possibility that advection by 

geostrophic currents  may have made a significant contribution to (1) during  June. 

6 Discussion 

We have shown that anomalously large FL and FR accounted for the bulk of the warming during 

May, while anomalously  small FL weakened the warm anomaly in June.  The radiative  warming was 

of secondary importance in that  it accentuated, but did not control, the warming  transient. Any 

positive feedback between Cj,, SST, and FR was overwhelmed by variations of surface wind speed 

and FL. Since the variation of the surface wind speed and direction played a  pivotal role in the 

formation  and  dissolution of the warm anomaly, we investigate surface winds by examining  the 1000 

mb geopotential height fields, keeping  in mind that the surface winds themselves are nongeostrophic. 
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Typically,  the  North Pacific subtropical high is evident in monthly average geopotential height 

(2) maps as early as March, and establishes a northeasterly flow in the warm anomaly  area as it 

strengthens  through April and May. This was not  the case  in 1997, as indicated by Figure 8.  Figure 

8a shows the NCEP  monthly averaged 1000 mb 2 (21000) for  May  1997, while Figure 8b shows the 

long term (1979-1995) NCEP  mean for 21000 in May. The subtropical high east of 150W almost 

disappeared in  May 1997, mostly because of the appearance of a cutoff low centered near 135 W, 

40N around  the  10th of May. This cutoff low drifted eastward for about 1 week until it reached the 

west coast of the U S . ,  and  then  drifted  southward  and westward before combining with another 

cutoff low near 170W, 40N on May 22. The resulting low pressure system moved northward  and 

continued to disrupt  the formation of the subtropical high through  the end of May. The deterioration 

of the subtropical high eliminated the normally  steady surface northeasterlys, resulting in the weaker 

southerly winds shown in Figure 2. 

Figure  8  demonstrates  that  the change in surface winds in the warm anomaly  area resulted from 

variations in synoptic  and  planetary scale circulations. In  particular, pressure in the warm anomaly 

area  during May  is typically much higher than in the Gulf of Alaska, as demonstrated by Figures 

9a and  9b.  To  construct these figures, we first calculated the  monthly Z ~ O O O  averaged over the 

warm anomaly region and  then over a similarly sized  region centered in the Gulf of Alaska for each 

year from 1979 to 1997 using NCEP analyses (see  boxes in Figure 8). We then  computed the  ratio 

Z~&,/Z,”,”,, (wa = warm anomaly, ga = Gulf of Alaska) and plotted it in Figure 9b. In nearly 

every case, high pressure dominated in the warm anomaly area and low pressure in the Gulf of 

Alaska, resulting in a relatively large value for 2~&o/2f:oo. The notable exception is 1997, when 

low pressure dominated  in  both  areas,  resulting in a much smaller value of 2,W,.,,/2f~o,. The  ratio 

2~,,/2,”,”,, was also nearly 1 during 1996, though  the pressure in the  warm  anomaly  area was not 

as low as in  May 1997. 
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Finally, we note that the  resulting  distribution of Z ~ O O O  and surface winds, along with the sub- 

sequent decrease in surface latent  heat flux and rise in SST, is similar to  the sequence of events 

modeled by Alexander [1992a,b], Lau and  Nath [1994], and  others for the  mature phase of El Niiio. 

The primary difference is that, in  the case studied here, El Niiio was just beginning and the season 

was spring, not winter.  Furthermore, the SST  anomaly was already in place before El  Niiio began, 

and the  spatial  structure did not change significantly during  the intensification or weakening phase. 

Given this evidence, it seems unlikely that El  Niiio directly triggered the formation of the warm 

anomaly. A more likely scenario is that a third  and  separate  atmospheric event triggered both El 

Niiio and the warm anomaly. 

The tropical  Intraseasonal Oscillation (ISO) or 30-60 day wave might serve as such a trigger. 

During its  mature phase, the eastward  propagating IS0 often produces equatorial westerly  wind 

bursts in the western and  central  equatorial Pacific, creating eastward propagating Kelvin waves 

with the potential to influence eastern Pacific SST  (ex, McPhaden et a1 [1988]). In addition, the- 

oretical and modeling studies have shown that  the anomalous  heating associated with the  IS0 can 

produce extratropical response in the form of persistent 500 mb geopotential height anomalies in the 

north Pacific (ex. Higgens and  Schubert, [1996]). Higgens and Schubert’s results  indicate that  the 

anomalous convective heating associated with the  IS0 can initiate  midlatitude circulation anomalies 

within 6-10 days,  and that  the subsequent growth of the circulation anomaly draws on the basic 

state flow for  energy. During March 1997, a  strong westerly  wind burst occurred that extended 

as far  east as 170W, and triggered an eastward propagating Kelvin wave  which preliminary  results 

indicate was at least partly responsible for the April warming off the coast of Peru [Liu et a1 19981. 

If this wind burst  originated  from the ISO, then the anomalous convective heating associated with 

the IS0 (or  perhaps  with following IS0 events in April) may have concurrently forced a change in 

the  North Pacific 500 mb height field related to  the unusual Z ~ O O O  variability in the warm anomaly 
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area. Another possibility is that  the near simultaneous  appearance of the warm anomaly and  the 

beginning of El  Niiio was a  statistical coincidence. The resolution of this question awaits future 

research. 
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Appendix A 

The vertical profiles of Cf, and cloud liquid water path  (LWP) for the  marine  stratus,  altostratus, 

and cirrus clouds are required input for the CCM3-CRM. In order to provide  a realistic vertical 

profile of the LWP for the marine stratus, we  use the results of Frisch et a1 [1995] and Blaskovic 

et a1 [1991]. During the  July 1987 FIRE  experiment, Blaskovic measured the  diurnal cycle of the 

column  integrated LWP (ILWP) for marine  stratus clouds using data from the NOAA surface based 

3-channel  microwave radiometer.  To find the vertical profile of the LWP, we multiply  the Blaskovic 

ILWP values by a normalized vertical profile of LWP computed  from  the LWP vertical profile results 

of Frisch. The Frisch LWP profile was retrieved from  Kalpha-band  doppler  radar  and microwave 

radiometer data collected during ASTEX (Atlantic  Stratocumulus  Transition  Experiment), which 

took place in the vicinity of the Azores during  June 1992. The  stratus clouds observed during  ASTEX 

were generally thicker and higher than those observed during  FIRE, so we vertically rescaled the 

normalized Frisch  profile to fit in a 300m thick cloud layer, roughly  comparable  to  the  FIRE  marine 

stratus layers described by Blaskovic  [1991] and  Minnis et a1 [1992]. We made no allowance for 

the variability in stratus vertical thickness during  the day, but did allow the ILWP to vary through 

the day in a manner consistent with Blaskovic’s diurnal cycle. Finally, we assumed that Cf, is 

independent of height within the  stratus cloud, and  computed surface radiative fluxes for cases with 

Cf, varying  from 0 to 1.0, at each of the local hours  6,8,10, ... 20 for each month. 

Lacking detailed data, we specify  fixed  LWP for both  the  altostratus  and  cirrus clouds. The 

altostratus clouds lie  between  600 and 700 mb  with ILWP of 160 g/m2, smaller  than  that used 

by Muller et a1 [1994], but greater than  that found in Starr  and Cox  [1985]. The precise value 

of altostratus ILWP was chosen to bring the FSW into line with the results of Oberhuber [1988]. 

The cirrus clouds extend  from 300 to 225 mb  and have ILWP of 19 g/m2,  and  are based  on the 
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compilation of studies presented by Liou [1986]. 
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Heat Budget April  May  June 

Latent Heat, 1997 -55 -30 - 76 

seasonal -59 -51 -56 

Sensible  Heat,1997 -5 -3 -13 

seasonal -6 -7 -8 

Ekman Adv (horizontal),l997 -6 -3  -7 

seasonal -5 -3  -3 

Ekman Adv (vertical),l997 0 0 2 
seasonal 0 0 1 

~~~~ ~~ 

Net Radiative,  1997 167  192  186 
seasonal 164  178  185 

Net Forcing,  1997 101  156  92 
seasonal 93 117  121 

Observed d Q / d t ,  1997  19 
seasonal 
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Table 2: Anomalous Heat Budget (W/m2) 
Anomalous Budget 

-20 21 4 Latent  Heat 

June May April 

Error 38 25 29 

~ ::de Heat 1 1 I 1 
Ekman  Adv (horizontal) -1 
Error 2 

Ekman  Adv (vertical) 
Error l e  l e  1 

2 

Net Radiative 
Error 

Net  Forcing 

12 8 3 Error 
-82 54 21 Observed d Q / d t  

48 35 36  Error 
-27 39 7 
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Table 3: Monthly Averaged Cloud Fraction over 
Warm Anomaly Region 

Time  Period 

0.52  0.50- 0.44 0.50 Seasonal 

0.51 0.38 0.41 0.52 1997 

June May April Much 

Table 4: Shortwave, Longwave, and Net Radiative 
Fluxes ( W / m2 ) 

Source/Wavelength: I April I May 

CCM3-CRM SW 

CCM3CRM LW 

CCMSCRM NET 

Oberhuber SW 

Oberhuber LW 

Oberhuber NET 

177 189 

13 11 

164 178 

172 

118 

51 54 

194 

143 

June 

193 

8 

185 

197 

46 

151 
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Figure Legends 

Figure 1. (a) First nonseasonal EOF of SST based on data from 1949-1973, reprinted 

from Weare et a1 (1976). (b) April-May 1997 average of Reynold’s SST  anomaly 

(units: degrees C). Anomaly was computed by subtracting  the seasonal cycle based 

on  1982-1997 Reynold’s SST data. (c)  Same as (b), except average is  for January 

1996 through March 1997. 

Figure 2. (a-i) Color contours show  weekly SST anomaly  (units: degrees C) for each 

week from April 13-19 to June 8-14, 1997. Wind socks are the  actual (not  anomalous) 

weekly averaged NSCAT surface winds,  with the hooked portion representing the  tail 

of the vector. Magnitude of wind vectors (units: m/s) is indicated by diagram inset 

over north-central U S .  The boxed area west  of the U.S. is the region  over  which 

all area averaged quantities  and  the energy balance  are  computed, unless otherwise 

noted. 

Figure 3. Weekly SST anomaly  (units: degrees C) after averaging over the warm 

anomaly  area defined  by the box in  Figure 2. The seasonal cycle that was removed 

was based on the years 1982-1997. 

Figure 4. Weekly NCEP analyzed ocean temperatures  (units: degrees C) averaged 

over the warm anomaly  area.  Temperature is shown separately for the  top 5 layers 

(each 10m  thick); solid line is  for surface to 10m,  dotted line is for 10m to 20m,  and 

so on as indicated in legend. (a) Actual layer temperatures for 1997. (b) Seasonal 

temperatures based on 1980-1996 NCEP monthly analyses. (c) Anomalous layer 

temperatures for 1997 computed by subtracting  the weekly sampled seasonal values 

from the  actual 1997  weekly  values. 
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Figure 5. Black solid and green dotted  lines: Total  heat per unit  area (Q; units  are 

J/m2) for  the top 50m of ocean in the warm anomaly  area, based on NCEP ocean 

analyses; black line is Q for  1997, green line is the 1980-1996 seasonal value (see text 

for details). Blue and Red  lines: heating  rates per unit  area (%, units  are W/m2) 

calculated from Q. 

Figure 6 .  Solid Line, left ordinate: Monthly latent  heat flux averaged over the warm 

anomaly  area for January  through June 1997 (units  are W/m2). Dashed Line, right  ordinate: 

NSCAT surface wind speed averaged over the warm anomaly region and for  each 

month of 1997 (units  are  m/s). 

Figure 7. Daily averaged shortwave (SW)  radiative flux at ocean surface (solid lines) 

and net (NET)  radiative surface flux (dashed lines) as a  function of fractional cloud 

coverage. The seasonal and  actual (1997) values of the net radiative flux are  indicated 

by “S” and “A” on the respective curves for each month.  Units  are W/rn2. 

Figure 8. (a) NCEP analyzed 1000 mb geopotential height (units: m) averaged for 

May 1997. Contour interval is 50m. Rectangular boxes in Gulf of Alaska and off US.  

west coast  are used  for computing the geopotential height index shown in Figure  9 

(see text for details). ( b )  same as (a) except 1979-1995 NCEP  mean for  May  is used. 

Figure 9. (a) Geopotential height (units: m) for May only of each year from 1979 

through 1997. Asterisks indicate  geopotential height averaged over the Gulf of Alaska 

rectangle (see Figure 8), while crosses are  the average over the warm anomaly rect- 

angle in Figure 8. ( b )  Ratio of Z,, to Z,, given in (a) for each May of 1979-1997. 
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